Independent control of topography for three-dimensional patterning of the ECM microenvironment
Jiyun Kim, Jack Rory Staunton, and Kandice Tanner* Figure S1 . NIH 3T3 fibroblasts seeded in anisotropic matrix directly following matrix solidification. 0.2 mg/ml of superparamagnetic particles coated with fibronectins in Matrigel were mixed with cells, and an external magnetic field was applied to this mixture at 4°C for 5 min to cause the particles to assemble. Matrigel was solidified at 35°C for 20 min to confine both magnetic chains and cells in Matrigel. Then serum-free media was applied to this matrix to observe long-term cell behavior. Scale bars, 50 µm. Figure S2 . Schematic that describes the principle of magnetic field-directed assembly of superparamagnetic particles. Magnetic particles used as topographic building blocks are superparamagnetic materials whose magnetization randomly flips direction under the influence of temperature. Their magnetic susceptibility is much higher than that of paramagnetic materials. In the absence of an external magnetic field, these particles are randomly dispersed in a liquid, as they have no net magnetic moments at room temperature. When an external magnetic field is applied, the interaction energy between the external magnetic field and the intrinsic magnetic moment of a particle overcomes the thermal fluctuation energy, thus fixing the magnetic moments parallel to the direction of the applied magnetic field line. Then the particles are arranged into chain-like aggregates, minimizing the interaction energy of all magnetic moments. In other words, the assembled particles form nanostructures akin to "nano-fibers" along the magnetic field lines. Specifically, under the external magnetic field, the attractive magnetic force due to the magnetic dipoles of particles is balanced with the rheological resistance due to the fluid, and the particles in the fiber-like nanostructure dynamically build or maintain their arrangement, establishing equilibrium among the many forces involved in the assembling process. This process is termed magnetic field-directed self-assembly. Particles frozen into the nano-fibers are released when we remove the external magnetic field. Therefore, to maintain the arrangement without the aid of the external magnetic field, we must solidify the liquid matrix. Matrigel is a relatively viscous material and its gelation depends on temperature and time; at lower temperatures from 2-8 degrees, Matrigel remains in its liquid state, and at higher temperatures, the gelation process is accelerated. When we drop a liquid droplet containing a high concentration of particles into the matrix, the particles slowly diffuse into the adjacent area, creating a gradated distribution (the particles move by diffusion, down to the concentration gradient, into the matrix). To obtain a localized pattern of particles, as shown in panel (a), we increased the temperature immediately after the particle droplet was added to the Matrigel. We also could obtain a gradated distribution of particles by allowing time for the particles to diffuse into the matrix before we increased the temperature for gelation. In other words, the matrix type determines the diffusion characteristics and the solidification time determines the gradation pattern at the final state. Unlike other polymercrosslinking-based ligand binding methods, this method does depend on increasing the concentration of ligand-binding sites to increase the material stiffness. To physically immobilize the particles on the glass substrate, liquid containing particles coated with fibronectin was dropped onto an 8-well glass plate and evaporated at room temperature overnight. By drying, some particles are aggregated, forming a planar particle sheet and some particles are dried into the shape of fibers due to the coffee ring effect. We spread the cells (10K) on both particle-immobilized substrate and pure glass substrate, and observed their behavior for 6 hours. Clearly, the fibroblasts grew better on the protein-coated particles. Scale bars, 15 µm.
